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Summary 

The production of pharmaceutical proteins in plants has made much progress in recent years 
with the development of transient expression systems, transplastomic technology and 
humanizing glycosylation patterns in plants. However, the first therapeutic proteins approved for 
administration to humans and animals were made in plant cell suspensions for reasons of 
containment, rapid scale-up and lack of toxic contaminants. In this study, we have investigated 
the production of human interleukin-10 (IL-10) in tobacco BY-2 cell suspension and evaluated 
the effect of an elastin-like polypeptide tag (ELP) and a green fluorescent protein (GFP) tag on 
IL-10 accumulation. We report the highest accumulation levels of hlL-10 obtained with any 
stable plant expression system using the ELP fusion strategy. Although IL-10-ELP has cytokine 
activity, its activity is reduced compared to unfused IL-10, likely caused by interference of ELP 
with folding of IL-10. Green fluorescent protein has no effect on IL-10 accumulation, but 
examining the trafficking of IL-10-GFP over the cell culture cycle revealed fluorescence in the 
vacuole during the stationary phase of the culture growth cycle. Analysis of isolated vacuoles 
indicated that GFP alone is found in vacuoles, while the full-size fusion remains in the whole-cell 
extract. This indicates that GFP is cleaved off prior to its trafficking to the vacuole. On the other 
hand, IL-10-GFP-ELP remains mostly in the ER and accumulates to high levels. Protein bodies 
were observed at the end of the culture cycle and are thought to arise as a consequence of high 
levels of accumulation in the ER. 



Introduction 

The need for low-cost and efficient production systems is an 
important factor in pharmaceutical protein production (Lienard 
eta/., 2007). A major limitation for the production of recombi- 
nant proteins in prokaryotic and lower eukaryotic systems is the 
lack of, or incorrect, post-translational modifications. Higher 
eukaryotic systems such as mammalian cells are restricted by their 
limited scalability and high cost of production. These limitations, 
compounded with the increase in demand for complex pharma- 
ceutical proteins, focused interest on plants for the production of 
recombinant proteins. 

Plants offer many advantages over conventional protein 
expression systems such as low production costs, rapid scalability, 
the absence of human pathogens and the ability to correctly fold 
and assemble complex multimeric proteins (Twyman efa/., 
2003). As well, plants have the ability to perform the majority 
of post-translational modifications needed for biological activity 
of such proteins. There are, however, potential issues for 
recombinant protein production in whole plants, including 
containment of genetically modified plants in the environment, 
product contamination by mycotoxins, pesticides or endogenous 
plant secondary metabolites (Hellwig etal., 2004) and yield 



variability due to cultivation conditions and local climate differ- 
ences (Rybicki, 2010). 

Plant cell suspension cultures such as tobacco BY-2 cells 
constitute an alternative technology for producing pharmaceuti- 
cal proteins. Plant cell suspensions are inexpensive to culture 
while maintaining their higher eukaryotic abilities for protein 
maturation, showing a greater similarity to the native mammalian 
equivalent with respect to N-glycan structure compared to the 
same protein produced in bacteria or yeast (Gomord and Faye, 
2004). Plant cell suspensions are grown in sterile reactors 
eliminating the risk of contamination with mycotoxins or pesti- 
cides; they synthesize fewer secondary metabolites compared to 
whole plants (Goossens etal., 2003), and their optimal perfor- 
mance is independent of soil quality, climate or season. BY-2 cells 
are able to rapidly multiply 80- to 100-fold in 1 week, providing 
the potential for a large-scale, low-cost recombinant protein 
production platform (Nagata efa/., 1992). Furthermore, because 
plant cell suspensions are grown in sterile bioreactors, where 
containment and batch consistency are guaranteed, proteins 
produced in plant cell suspensions are more likely to proceed 
successfully and quickly through the regulatory approval system 
(Fischer etal., 2012). The first plant-made veterinary vaccine 
to be approved by the USDA Centre for Veterinary biologies in 
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2006 was the poultry Newcastle disease vaccine produced in 
tobacco NT-1 cell suspension (Sparrow et al., 2007). Very 
recently, taliglucerase alfa became the first biological drug 
approved by the US Food and Drug Administration for human 
use that is manufactured in a modified carrot cell suspension by 
the company Protalix (Fox, 2012; Maxmen, 2012) . 

Cell cultures are typically used to secrete proteins to the cell 
culture medium from which they can be easily purified (Huang 
and McDonald, 2012; Schinkel era/., 2005). However, secreted 
recombinant proteins can be lost due to adsorption to the culture 
vessel or to degradation by secreted plant proteases (De Muynck 
etal, 2009; Schiermeyer etal., 2005). On the other hand, the 
plant cell ER contains few proteases and provides a protective, 
oxidative environment suitable for disulphide bond formation (Ma 
ef al., 2003). IL-10 is an anti-inflammatory cytokine that has been 
found to be effective in suppressing diabetes autoimmunity when 
combined with the GAD65 autoantigen fused to cholera toxin B 
subunit (Denes ef al., 2010). Human, viral and murine IL-10 have 
been produced in plants (Bortesi etal., 2009; Menassa etal., 
2001, 2004; Morandini ef al., 201 1), with IL-10 accumulating to 
the highest levels when retained in the ER in transient expression 
and in transgenic tobacco plants (Bortesi ef al., 2009; Menassa 
etal., 2001). Viral IL-10 was recently reported to accumulate 
better when expressed in a tetracycline-inducible expression 
system in BY-2 cell suspension cultures (Bortesi ef al., 2012). Also, 
ER-retained IL-10 fused to an elastin-like polypeptide tag (ELP) 
accumulates to much higher levels than IL-10 alone, both when 
transiently expressed or stably transformed in tobacco (Conley 
etal., 2009a; Patel ef al., 2007). 

The purpose of the present study was to examine the suitability 
of BY-2 cells for high-level production of ER-targeted human IL- 
10 and IL-10 fusions to green fluorescent protein (GFP) or ELP, to 
examine the effect of ELP on biological activity of IL-10 and to 
follow the subcellular trafficking of IL-10 during the cell culture 
cycle. We found that IL-10-ELP stable transgenic cell lines 
accumulate the highest levels of IL-10 reported to date in a 
stable transgenic system, but that ELP reduces the activity of 
IL-10. We also report that subcellular localization using GFP 
fusions in BY-2 cells should be performed with caution as GFP is 
cleaved from the fusion and is trafficked to the vacuole where it 
accumulates, while IL-10 is lost. 



Results 

BY-2 cells accumulate higher levels of IL-10 than 
transgenic plants and fusion to ELP greatly improves IL- 
10 accumulation 

To determine whether BY-2 cell suspensions would be a good 
system for producing ER-targeted human IL-10, we made several 
ER-targeted constructs that allowed us both to visualize the 
subcellular localization of IL-10 as GFP fusions and to increase its 
accumulation as ELP fusions. The ELP tag consists of 28 repeats of 
the pentapeptide Val Pro Gly Val Gly derived from the charac- 
teristic repeat motif found in native mammalian elastin (Figure S1 ; 
Urry, 1988). The constructs consist of IL-10 (Menassa etal., 
2001), TE-IL-10, IL-10-ELP (Patel etal., 2007), IL-10-GFP and 
IL-1 0-GFP-ELP (Figure 1). 

Independent transgenic calli were produced for all constructs 
(12 lines for IL-10, eight lines for TE-IL-10, 18 lines for IL-1 0- 
GFP, 50 lines for IL-1 0-ELP and 34 lines for IL-1 0-GFP-ELP) and 
were passed through three rounds of selection, before accu- 
mulation levels of IL-10 were determined by ELISA. The highest 
expressing callus from each population was developed into a 
cell suspension culture, which was then further analysed. It is 
noteworthy that accumulation levels of the cell suspensions 
were several fold higher than the best expressing transgenic 
plants with the same constructs. For example, the highest IL- 
10-expressing tobacco stable transgenic plant accumulated 
0.0055% total soluble protein (TSP) (Menassa ef al., 2001), 
eightfold lower than the highest expressing BY-2 cell suspen- 
sion (0.046% TSP, 6.42 mg/kg FW, Figure 2). A similar trend 
was observed with TE-IL-10 and IL-1 0-ELP (Patel etal., 2007; 
Figure 2). Because the TE-IL-10 line (0.029% TSP, Figure 2) 
produced lower IL-10 levels than the IL-10 line, we did not use 
it in further experiments. 

The highest expressing IL-1 0-ELP line accumulated up to 
3.057% TSP in cell suspension (average of 762 mg/kg FW, 
Figure 2). This level is over 500-fold higher than the levels of IL-1 0 
we obtained with stable transgenic plants used in mouse feeding 
experiments, which resulted in an amelioration of colitis in an 
IL-10 -/- mouse model (Menassa ef al., 2007), and the highest 
level reported to date for human IL-10 produced in a stable plant 
expression system. 
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Figure 1 Schematic representation of the constructs used in tobacco BY-2 cell transformation. NPT II, neomycin phosphotransferase II gene under the 
control of the nopaline synthase promoter and terminator; cauliflower mosaic virus (CaMV)-35S, double-enhanced cauliflower mosaic virus 35S promoter. 
NSP, human IL-10 native signal peptide (54 bp); IL-10, human IL-10 coding sequence (480 bp); Thr, Thombin protease recognition sequence (27 bp); HIS, 
six histidine tag; KDEL, ER-retrieval tetrapeptide; T NO s, nopaline synthase terminator; tobacco etch virus (TEV), tobacco etch virus protease recognition site 
(21 bp); green fluorescent protein (GFP), smGFP coding sequence (714 bp); TE, translational enhancer from the tCUP promoter (88 bp) (Wu ef al., 2001); 
Pr1b, signal peptide from the tobacco pathogenesis-related 1b gene (90 bp); ELP, elastin-like polypeptide (420 bp); Sll, Strepll purification tag (24 bp); RB, 
LB, Agrobacterium tumefaciens Ti plasmid right border and left border. Constructs are not drawn to scale. 
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Figure 2 IL-10 accumulation levels in BY-2 cell suspension cultures. IL-10 
accumulation levels were determined by ELISA as a percentage of total 
soluble protein (TSP) in three separate experiments and were averaged. 
Error bars represent the standard error of the mean of the three 
experiments. IL-10 levels for TE-IL-10 were averaged from two data points. 



While IL-10-ELP greatly increased recombinant protein accu- 
mulation, the addition of GFP did not affect IL-10 levels. The 
IL-10-GFP line produced 0.0135% TSP (2.28 mg/kg FW), while 
the IL-10-GFP-ELP line accumulated 3.175% TSP (838 mg/kg 
FW), similar to the IL-10-ELP lines (Figure 2). 

Effect of transgene copy number and steady-state 
transcript levels on IL-10 accumulation 

The yield of murine and viral IL-10 was reported to increase in 
transgenic tobacco between the T 0 and Ti generations (Bortesi 
etal., 2009), which could be due to the doubling of the 
transgene copy number from hemizygous in the T 0 to homozy- 
gous in the Ti generation. Therefore, we determined the 
transgene copy numbers of five BY-2 cell lines by Southern 
blotting. For this, genomic DNA was isolated from BY-2 cell 
cultures after 3 days of growth, and 10 micrograms of genomic 
DNA was digested with fiamHI or fcoRI endonucleases (Figure 3a). 
Each of these enzymes cuts only once either at the 5' or at the 3' 
end of the IL-10 sequence in all constructs. We found that all lines 
contain multiple copies of the transgene, with the IL-10 line 
containing two copies of the transgene, IL-10-ELP-a and IL-10- 
GFP-ELP three copies, IL-10-GFP and IL-10-ELP-b four copies 
(Figure 3a). The IL-10-ELP-b line was not used in further studies 
because the cells formed clumps in suspension culture, making it 
difficult to maintain. All the other lines exhibited growth rates and 
culture phenotypes similar to wild-type cells. 

To find out whether variable transcriptional activity at the 
transgene insertion sites in the genome may affect mRNA levels 
and be responsible for differences in recombinant protein 
accumulation, we determined the steady-state transcript levels 
for each of four cultured transgenic BY-2 cell lines (IL-1 0, IL-1 0-GFP, 
IL-10-ELP-a and IL-1 0-GFP-ELP) by quantitative real-time RT-PCR 
(Figure 3b). Ratios of IL-10 relative to actin transcripts were 
averaged with ratios of IL-10 to a-tubulin transcripts to determine 
relative IL-10 expression in each of the four cell lines. This was 
repeated using three separate cultures for each cell line. The 
collective data were averaged and analysed for statistical signif- 
icance (P < 0.05) of the differences between the mean relative 
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Figure 3 IL-10 gene copy number and steady-state mRNA levels in 
transgenic BY-2 cell lines, (a) Southern blot analysis of stable transgenic 
BY-2 cell lines. 10 ug of genomic DNA digested with BamHI (odd 
numbered lanes) and FcoRI (even numbered lanes). Lanes 1 and 2, wild- 
type BY-2 genomic DNA; lanes 3 and 4, IL-10; lanes 5 and 6, IL-10-ELP-a; 
lanes 7 and 8, IL-10-ELP-b; lanes 9 and 10, IL-1 0-GFP; and lanes 11 and 
12, IL-1 0-GFP-ELP. (b) Quantitative RT-PCR was performed to determine 
the relative IL-10 transcript levels present in transgenic BY-2 cells. IL-10 
mRNA levels were expressed as a ratio of actin and a-tubulin reference 
genes. Significant differences (P < 0.05) are indicated (*). Error bars 
represent the standard error of the mean. 



IL-10 expression values (Figure 3b). Only the IL-1 0-GFP line 
showed a significantly lower level of IL-10 steady-state transcript 
level following statistical analysis. This correlates well with a lower 
level of protein accumulation and could be due to post- 
transcriptional gene silencing in this line (Figure 2). There was 
no significant difference between mRNA levels of the IL-10, IL-10- 
ELP-a and IL-1 0-GFP-ELP cell lines, and relative mRNA levels 
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between IL-10 and IL-10-ELP were practically the same. There- 
fore, the increase in accumulation levels in the IL-10-ELP line over 
the IL-10 line is not due to the additional transgene copy in the 
genome or to an increase in the abundance or stability of the 
transcript. The difference in accumulation is most likely due to a 
stabilizing effect of ELP on the protein itself, although improved 
translation efficiency due to the TE element could also have 
played a role in IL-10-ELP protein levels. 

Nicotine levels in BY-2 cells 

Because BY-2 cells are derived from tobacco and previous 
reports indicated only trace amounts of nicotine and undetect- 
able levels of other alkaloids (Goossens et al., 2003), we 
determined actual nicotine levels in BY-2 cells and compared 
them to those in leaves of the low alkaloid tobacco cultivar 
81 V9. Using the selected ion monitoring method, we detected 
extremely low levels of nicotine, 53 ng/g dried cells. Compared 
with 0.178 mg/g dried leaves in 81 V9 leaves, BY-2 cells contain 
over 3000-fold lower nicotine levels, making them more suitable 
for oral administration of either whole cells or partially purified 
proteins. 

Biological activity of purified IL-10-ELP protein 

We have previously reported on the effect of ELP on accumula- 
tion levels of several recombinant proteins in transgenic plants 
and in transient expression in N. tabacum leaves (Conley etal., 
2009a; Patel et al., 2007), and we have shown that ELP does not 
interfere with the binding of erythropoietin with its receptor 
(Conley ef al., 2009a). However, IL-10 is a noncovalently-bound 
homodimer, and we investigated whether ELP might interfere 
with folding and assembly of IL-10 and therefore affect its 
biological activity. For this, we purified IL-10-ELP by a two-step 
procedure taking advantage of the thermally responsive property 
of ELP enabling a simple nonchromatographic method for protein 
purification called 'inverse transition cycling' (ITC) (Meyer and 
Chilkoti, 1999). We found previously that ITC does not effectively 
purify an ELP-tagged protein from plant extracts, rather it helps in 
concentrating it (Conley ef al., 2009a). IL-10-ELP was therefore 
concentrated by one round of ITC, followed by Strep-Tactin 
affinity chromatography. Its integrity, purity and concentration 
were determined by SDS-PAGE (Figure 4a). To determine 
whether IL-10-ELP dimerizes in BY-2 cells similarly to stable 
transgenic plants (Patel etal., 2007), we separated purified 
IL-10-ELP by a nonreducing native PAGE and analysed it by 
immunoblotting with an anti-IL-1 0 antibody. The presence of two 
main bands on that blot, similarly to the commercial IL-10, 
suggests that dimerization is occurring (Figure S2). The purified 
fusion protein was then tested for activity in a murine macro- 
phage-monocyte cell line (PU5-1.8). In this assay, IL-10 is 
expected to inhibit lipopolysaccharide (LPS)-induced secretion of 
IL-6 in a dose-dependent manner (Fiorentino ef al., 1991). We 
found that IL-10-ELP did inhibit the secretion of IL-6 in a dose- 
dependent manner (Figure 4b), but at significantly higher 
concentrations than the rlL-10 control. A comparison of the 
linear regions of the sigmoidal curves suggests that to achieve the 
same level of activity as the commercial rlL-10 protein, an 
approximate average of 80 times more of the IL-10-ELP fusion 
protein is required. To verify whether ELP was interfering with 
binding of IL-10 to its receptor, we proteolytically removed ELP 
using the TEV protease. Removal of the ELP tag from the fusion 
protein resulted in a 10-fold reduction in the amount of IL-10 
needed for dose-dependent inhibition of IL-6 secretion. 
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Figure 4 Purification and biological activity of IL-10-ELP. (a) Stained gel 
of purified IL-10-ELP protein. Lane 1, protein marker; lanes 2-5, increasing 
volumes of purified IL-10-ELP product; lanes 6-10, increasing amounts of 
purified, commercial BSA standard, (b) Biological activity analysis of IL-10- 
ELP. The cell culture supernatant of 4 x 10 5 PUB-1.8 cells (A), 
lipopolysaccharide(LPS)-stimulated cells (o), LPS-stimulated cells treated 
with commercial rhlL-10 (0), IL-10-ELP (•), IL-10 moiety of IL-10-ELP after 
cleavage of fusion and removal of ELP (■). An equal volume of sample 
purified from wild-type BY-2 cells (v) was used as a negative control. 



Subcellular localization and characterization of 
IL-10-GFP and IL-10-GFP-ELP 

Because such a large increase in accumulation levels was 
observed with the ELP tag, the IL-10-GFP and IL-10-GFP-ELP 
fusion constructs were used to visualize the subcellular localiza- 
tion of the recombinant proteins. These constructs should allow 
us to determine whether the increased expression levels observed 
with the ELP fusion are associated with the formation of protein 
bodies similar to those observed in GFP-ELP transient expression 
in N. benthamiana (Conley ef al., 2009b). For both constructs, 
GFP fluorescence showed a reticulated pattern typical of the ER 
after 3 and 4 days postsubculturing (dps; Figure 5a), when the 
cells are in their log phase of growth (Matsuoka ef al., 2004). In 
addition to the reticulated pattern, a haze of green fluorescence 
was seen throughout the vacuolar compartments at 6 and 7 dps, 
during the stationary phase of growth (Matsuoka ef al., 2004). 
By 6 dps, the reticulated pattern was barely detectable with 
IL-10-GFP (Figure 5a), although the overall fluorescence seemed 
to intensify with each day, suggesting that the recombinant 
protein was accumulating in the vacuole. On the other hand, for 
IL-10-GFP-ELP, the ER reticulated pattern was visible throughout 
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Figure 5 Subcellular localization of IL-10-GFP fusions in BY-2 cells, (a) Time course of tobacco BY-2 cells expressing IL-10-GFP and IL-1 0-GFP-ELP, 
visualized by confocal laser scanning microscopy, dps, days postsubculturing. Size bars = 10 urn. (b) IL-1 0-GFP-ELP produces protein bodies in 1 0% of BY-2 
cells, (c) IL-1 0-GFP-ELP produces protein bodies in most cells when transiently expressed in N. benthamiana. 



the culture cycle, a faint green haze in the vacuole was apparent 
at 6-7 dps (Figure 5a), and numerous fluorescent protein bodies 
were observed in 10% of the cells only at 7 dps (Figure 5b). 
Confocal analysis was repeated twice with a different cell 
suspension batch, and the same pattern of fluorescent protein 
bodies was observed at 7 dps. 

The IL-1 0-GFP-ELP construct was also transiently co-expressed 
in N. benthamiana leaves with the p19 suppressor of post- 
transcriptional gene silencing (Silhavy efa/., 2002). We found 
that numerous protein bodies are present in most cells at 4 days 
postinfiltration (Figure 5c). We also determined the amount of 
IL-10 produced in this experiment to be 0.76 ± 0.05% TSP, less 
than in BY-2 cells. 

Analysis of the integrity of the fusions over the cell cycle 

The integrity of recombinant IL-10 and IL-1 0-GFP was investigated 
over the cell culture cycle by Western blot analysis. The blots were 
detected with antibodies against either IL-10 or GFP. For both of 
these cell lines, the levels of the 19 kDa IL-10 or 47 kDa fusion 
protein reached its plateau after 4-5 dps, followed by a gradual 
decline (Figure 6a, b). Upon probing with a GFP antibody, the IL-1 0- 
GFP line showed the same pattern of accumulation for the 47 kDa 
fusion protein, as well as the presence of a -27 kDa band, 
corresponding to the size of the GFP portion of the fusion. This GFP 
fragment increased in abundance daily and became more abun- 
dant than the IL-1 0-GFP fusion after 5 dps (Figure 6c). As no 
cleaved IL-1 0 fragment is detected with the anti-IL-1 0 antibody, this 
suggests that IL-10 is degraded beyond recognition. 

Because IL-1 0-ELP and IL-1 0-GFP-ELP proteins accumulate to 
much higher levels than the IL-10 or IL-1 0-GFP proteins and to 
determine whether fusions with ELP also are cleaved, a similar 



experiment was conducted with the IL-1 0-ELP and IL-1 0-GFP-ELP 
lines. The IL-1 0-ELP line showed a single band corresponding to 
the full-length fusion protein when immunodetected with either 
an anti-IL-1 0 or an anti-ELP antibody (Figure 6d,e). No degrada- 
tion products were detected in any of the days in this cell line, 
indicating that the fusion remained intact throughout the culture 
cycle. A complex banding pattern was observed with the IL-1 0- 
GFP-ELP cell line. Immunoblotting with anti-IL-1 0, anti-ELP and 
anti-GFP antibodies consistently detected a -57 kDa protein in all 
samples, which is the expected size of the full-length fusion 
protein (Figure 6f-h). However, several other bands were 
detected with IL-10, GFP and ELP antibodies, indicating proteo- 
lytic cleavage of the fusion (Figure 6f-h). 

These immunoblots suggest that recombinant IL-10 tagged 
with ELP, with or without GFP, was more stable over time 
compared to the corresponding lines without ELP (compare 
Figure 6a-c with 6d-h). IL-10 accumulation peaked at 3-5 dps 
but declined sharply at 7 dps in the IL-10 and IL-1 0-GFP lines, 
while the IL-1 0-ELP and IL-1 0-GFP-ELP lines showed a very slight 
decline in the full-length fusion protein levels. As well, these 
immunoblots indicate that cleavage occurs in cell lines trans- 
formed with constructs containing GFP, but not with the 
construct containing only ELP. Because both constructs are 
practically identical, the cleavage must occur within GFP. These 
results caution us from using GFP fusions for definitive subcellular 
localization of proteins in cell suspensions and indicate that more 
experimental evidence needs to be collected to determine the 
subcellular localization of a recombinant protein. Indeed, it is 
possible that fluorescence we observed in the vacuole might be 
due to cleaved GFP and not to the localization of IL-1 0-GFP 
fusions to that compartment (Figure 5a). 
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Figure 6 Western blot analysis of the accumulation of IL-10 fusions in 
tobacco BY-2 cells at 3 to 7 dps. (a) Upper panel is the IL-10 line probed with 
anti-IL1 0 antibody; lower panel is the same blot reprobed with anti-oc-tubulin 
antibody; (b,c) IL-1 0-GFP probed with: (b) anti-IL-1 0 antibody and 
(c) anti-GFP antibody; (d,e) IL-1 0-ELP probed with: (d) anti-IL-1 0 antibody in 
upper panel; lower panel is the same blot reprobed with anti-a-tubulin 
antibody; (e) anti-ELP antibody; (f-h) IL-1 0-GFP-ELP probed with: 
(f) anti-IL-1 0 antibody, (g) anti-GFP antibody and (h) anti-ELP antibody. 
Asterisk: IL-10, open arrow: IL-1 0-GFP, open arrowhead: GFP cleavage 
product, closed arrowhead: IL-1 0-ELP, closed arrow: IL-1 0-GFP-ELP, closed 
circle: a-tubulin. Blots a-c: 75 ngTSP/lane; blots d-h: 1 ug TSP/lane. Molecular 
weight markers (kDa) are shown on the left; dps, days postsubculturing. 



To determine whether GFP fluorescence in the vacuole is due 
to the full-length fusion or to cleaved GFP, we isolated intact 
vacuoles from transgenic BY-2 cells expressing IL-1 0-GFP at 4 to 
6 dps. The integrity of the vacuoles and the absence of any 
contaminating protoplasts in the final isolates were confirmed by 
differential interference contrast (DIC) microscopy (Figure 7a). 
The presence of GFP in vacuole preparations was visualized by 
confocal microscopy (Figure 7b). 

An immunoblotof proteins extracted from purified vacuoles and 
from whole cells detected with the anti-IL-1 0 antibody (Figure 7c) 
revealed a very faint -47 kDa band at 6 dps in vacuolar extracts 
and a clear band in total cell extracts at 4 dps, which decreased in 
abundance at 5 and 6 dps. An IL-1 0 cleavage product could not be 
detected in the vacuoles or in the total extract. The blot detected 
with the anti-GFP antibody (Figure 7d) displayed the results seen 
for the fusion protein more clearly: its accumulation increased in 
the vacuoles from 4 to 6 dps and conversely became less abundant 
with time in total protein extracts. On the other hand, much more 
GFP was present in vacuole extracts than in total extracts. To verify 
whether the vacuolar extracts were devoid of contamination from 
other compartments, identical blots were detected with antibodies 
against heat shock protein 70 (Hsc70, also called BiP, a molecular 
chaperone localized mainly in the ER, Figure 7e) and calnexin (an 
ER membrane protein, Figure 7f). Both blots showed trace 
amounts of BiP and calnexin in isolated vacuole samples, indicating 
some contamination of the vacuole preparation with ER mem- 
brane and ER luminal proteins. Therefore, the fusion protein we 
observed in the vacuole extracts is most likely due to contamina- 
tion with ER fraction. We postulate that the fusion is cleaved in the 
ER and GFP-KDEL is trafficked to the vacuole by an unknown 
mechanism, as observed by other groups (Gomord ef al., 1997). 

Discussion 

The production of recombinant IL-10 in plants has been reported 
in a number of studies. Murine IL-10 accumulates to 0.7% TSP in 
Arabidopsis seeds (Morandini etal., 2011) and 0.6% TSP in 
transgenic tobacco leaves, while viral IL-10 accumulates to 0.1 % 
TSP (Bortesi etal., 2009) and human IL-10 accumulates to 
0.005% TSP in transgenic tobacco leaves (Menassa ef al., 2001). 
The lower accumulation levels of human IL-10 may be due to its 
lack of glycosylation (Menassa ef al., 2007), while the murine 
form of the protein is glycosylated both in vivo and in planta. Viral 
IL-10 is not glycosylated, and it is thought that lower accumu- 
lation levels were due to its toxicity (Bortesi ef al., 2009, 2012). 
An inducible expression system in BY-2 cells allowed the 
accumulation of 3.5-fold more viral IL-10, without reaching the 
levels of accumulation of murine IL-10 (Bortesi ef al., 2012). It has 
been documented that glycosylation can stabilize proteins and 
hence lead to higher accumulation levels (Conley ef al., 2009c), 
and therefore, it is possible that both human and viral IL-10 are 
turned over more readily because of lack of glycosylation. Our 
interest lies with producing human IL-10 (hlL-10) that can be 
tested in murine cell assays and is the therapeutic molecule that 
ultimately would be advanced to human testing. To test the idea 
that ELP stabilizes proteins in vivo and to visualize trafficking of 
IL-10, we generated BY-2 lines stably expressing the same 
ER-targeted human IL-10 construct previously reported (Menassa 
ef al., 2001), as well as fusions to ELP and GFP. We found that 
the highest accumulating IL-10 BY-2 line (0.045% TSP) had 
eight times higher accumulation than transgenic tobacco 
leaves (0.0055% TSP) (Menassa etal., 2001), and the highest 
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Figure 7 Isolation and analysis of vacuoles from BY-2 cells expressing 
IL-10-GFP. (a) D.I.C. microscope image of purified vacuoles, (b) GFP 
fluorescence in purified vacuoles. Scale bars = 30 \im. (c-f) Western blot 
analysis for IL-10-GFP cell suspension at 4-6 dps. Samples containing 
10 (ig of protein extracted from purified vacuoles or 10 ng of total soluble 
protein were immunoblotted with antibodies for: (c) IL-10; (d) GFP; (e) 
HSC70 (BiP); (f) calnexin. The first lane in panels (c) and (d) (+ve) contains 
20 ng of recombinant IL-10 or 20 ng of recombinant GFP, respectively, as 
positive controls. Asterisk: IL-10, open arrow: IL-10-GFP, open arrowhead: 
GFP cleavage product. Molecular weight markers, in kilodaltons, are 
shown on the left; dps, days postsubculturing; wt, wild type. 



accumulating IL-10-ELP line (3% TSP) had about eight times 
higher accumulation than transgenic tobacco leaves (0.4% TSP) 
(Patel ef a/., 2007). This might be due to a different composition 



of the proteome of BY-2 cells that do not contain photosynthetic 
chloroplasts and contain very low levels of RuBisCo, the main 
constituent of total soluble protein content in leaves (Baginsky 
efa/., 2004; Duby efa/., 2010). The reduced total protein 
complexity is an advantage of BY-2 cells as a production system 
because purification of recombinant proteins is simplified when 
compared to leaves. 

We also observed that the amount of recombinant protein 
differs between calli and the respective cell suspensions. All 
levels seem to increase in suspension, although some lines 
increase more than others. This poses a problem in terms of 
identifying the highest accumulating line. Therefore, we suggest 
that the five highest producing calli be developed into cell 
suspension and tested. The highest accumulating line can then 
be retained. 

To determine whether low accumulation levels of IL-10 are 
caused by incorrect trafficking, the spatial and temporal locali- 
zation of IL-10-GFP fusion was analysed by confocal microscopy. 
During the logarithmic growth stages of the cells (3-4 dps), the 
fusion protein was successfully trafficked to the ER. However, the 
intensity of GFP fluorescence seemed to increase and migrate into 
the vacuole as cell density increased and the culture went into the 
stationary phase of growth. It has been previously shown that the 
ER-retrieval signal HDEL can also act as a C-terminal vacuolar 
targeting peptide for proteins that escape the ER and that this 
function is independent from accumulation levels (Gomord ef al., 
1997). It has also been reported that ER resident proteins are 
transported to the vacuole where they are degraded during the 
stationary phase of BY-2 cell growth (Tamura efa/., 2004). A 
recent study of a y-gliadin-GFP fusion showed a similar pattern of 
localization in the ER and the vacuole at 3 and 6 dps, concom- 
itant with the gradual increase in abundance of a GFP cleavage 
product (Francin-Allami efa/., 2011). These authors concluded 
that the fusion was transported to the vacuole where it is cleaved. 
Our immunoblot results of isolated vacuoles indicate that the 
IL-10-GFP fusion protein is cleaved in the ER, and while GFP is 
trafficked to the vacuole and accumulates with time, levels of the 
fusion protein decrease and the IL-10 portion of the fusion is lost, 
likely via degradation. As well, because cleavage of the fusion 
starts at 3 dps, while fluorescence in the vacuole is only clearly 
visible on 6 and 7 dps, it is possible that trafficking of cleaved GFP 
to the vacuole may be delayed or that low levels of GFP 
accumulation in the vacuole may not be detectable; in fact, it has 
been documented that GFP is labile in the vacuole and gets 
quickly degraded when exposed to light (within 1 h) due to the 
acidic environment and the protease activity in the vacuole 
(Tamura efa/., 2003). Therefore, a minimum amount of GFP 
accumulation in the vacuole might be necessary before its 
fluorescence can be detected. 

The addition of a C-terminal ELP 2 s resulted in more than a 
66-fold increase in IL-10 levels in BY-2 cells. The 3% of TSP 
achieved in BY-2 cells is the highest level of IL-10 accumulation 
reported in any stable plant system. However, we found that 
although IL-10-ELP fusion protein maintains its cytokine function, 
a higher dose is required to achieve the activity of commercial 
rlL-10. Removing the ELP tag resulted in a tenfold increase in 
activity but did not completely restore IL-10 activity. Re-engineering 
the IL-10-ELP construct with different linkers could allow better 
folding of IL-10, thus improving activity of the fusion protein. 

To find out whether the ELP tag increases expression levels by 
packaging the fusion protein into protein bodies that are thought 
to protect the protein from proteolysis and protect the plant 
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cells from toxicity associated with high levels of expression 
(Conley et al., 2009b, 2011; Joensuu era/., 2010), we followed 
IL-1 0-GFP-ELP by confocal microscopy throughout the cell culture 
cycle. We observed protein bodies only at 7 dps and only in 10% 
of cells, while we observed protein bodies in most cells when the 
same construct was transiently expressed in N. benthamiana. 
These results need to be investigated further, but they indicate 
that the primary reason for increased accumulation levels is a 
stabilization of IL-10 by ELP and that protein bodies arise as a 
consequence of high accumulation levels in the ER, rather than 
being the cause for high accumulation levels in BY-2 cells. 

Experimental procedures 

Constructs for IL-10 expression in tobacco BY-2 cells 

The ER-targeted IL-10, TE-IL-10 and IL-1 0-ELP constructs were 
previously described (Menassa era/., 2001; Patel era/., 2007). 
The ER-targeted IL-1 0-GFP fusion construct was created by first 
replacing the thrombin cleavage site with a tobacco etch virus 
(TEV) protease recognition site by PCR, then inserting soluble- 
modified green fluorescence protein (smGFP; Davis and Vierstra, 
1998) with a 6 x histidine tag at the IL-1 0-TEV C-terminus. The 
IL-1 0-GFP-ELP construct was built by a three-way ligation of the 
following fragments: IL-1 0-TEV, smGFP and ELPstrepll tag. All 
constructs contained the ER-retrieval sequence KDEL at the 3' end 
and were inserted between the T-DNA border sequences of 
pCaMterX (Harris and Gleddie, 2001) under the control of the 
double-enhanced 35S cauliflower mosaic virus (CaMV) promoter 
(Kay ef al., 1987) and the nopaline synthase (nos) terminator. All 
expression constructs were electroporated into Agrobacterium 
tumefaciens strain EHA105 (Hood ef al., 1993) and used to stably 
transform tobacco BY-2 cells. 

Stable transformation of BY-2 cells 

BY-2 cells were maintained in NT medium (4.3 g/L MS salts; 30 g/L 
sucrose; 0.5 g/L MES; 1 mg/L thiamine hydrochloride; 0.18 g/L 
KH 2 P0 4 ; 0.243 mg/L 2, 4-D; 0.1 g/L myoinositol; pH = 5.7) in the 
dark at 26 °C, shaking at 160 X rpm. /Agrobacferium-mediated 
stable transformation of these cells was performed according to 
Alvarez ef al. (2010). Each transgenic microcallus was passed three 
times onto NT media supplemented with 50 ng/mL kanamycin and 
300 ng/mL timentin. After the third passage, all transgenic call i 
were analysed for recombinant IL-10 protein accumulation by 
enzyme-linked immunosorbent assay (ELISA). The highest accu- 
mulating line for each construct was maintained as a callus and 
developed into a liquid suspension culture by resuspending 1 - to 2- 
cm callus pieces in liquid NT medium. Subsequently, transgenic BY- 
2 lines were maintained by subculturing 5 mL of a 7-day-old 
culture into 45 mL of NT medium containing 50 ng/mL kanamycin. 

BY-2 cell collection and protein accumulation analysis 

Cells from each transgenic BY-2 line were collected on a #2 
Whatman filter paper in a Buchner funnel under vacuum. A fresh 
weight of 60 mg for each sample was frozen in liquid nitrogen 
and stored at -80 °C. Once all samples had been collected, 
200 \ilof cold protein extraction buffer (PEB: Phosphate-buffered 
saline (PBS), pH 7.4; 0.1% Tween-20; 1 him EDTA; 1 mw PMSF; 
1 ng/mL leupeptin; 100 itim sodium L-ascorbate) was added to 
each tube and sonicated with 20 short bursts from a Sonic 
Dismembrator (Thermo Fisher Scientific, Pittsburg, PA). The 
lysates were centrifuged at 20 000 x g at 4 °C for 10 min, 
and the cleared supernatants were collected. The amount of total 



soluble protein (TSP) in each sample was measured using the 
Protein Assay Reagent (Bio-Rad, Hercules, CA). The concentration 
of IL-10 protein was determined for each of the transgenic BY-2 
cell lines, by comparison with an IL-10 standard curve in an IL-10 
ELISA (BD Biosciences, Mississauga, Canada). 

For Western blot analysis, all samples were collected over the 
culture cycle then extracted at the same time, as described above. 
The TSP in each extract was quantified then separated by 12% 
SDS-PAGE, and Western blots were processed as described by 
Conley ef al. (2009a). The antibodies used are described in 
supplementary Experimental Procedures (Methods S1) online. 

Isolation of vacuoles from BY-2 cell protoplasts and 
protein quantification 

BY-2 cells were collected from cultures 4 to 6 days postinocula- 
tion by filtration then used to isolate protoplasts as described for 
Arabldopsis leaves (Yoo ef al., 2007). Isolated protoplasts were 
used to isolate intact vacuoles following a procedure outlined for 
Arabldopsis (Frangne ef al., 2002). Isolated vacuoles were exam- 
ined under a microscope to verify the presence of intact vacuoles 
and the absence of any protoplasts. Aliquots of each preparation 
were used in a DC Protein Assay (Bio-Rad, Hercules, CA) to 
determine the total protein present in each sample as compared 
to a bovine serum albumin standard. 

Confocal microscopy 

Subcellular localization of the IL-1 0-GFP and IL-1 0-GFP-ELP fusions 
protein was visualized using a Leica TCS SP2 laser scanning 
confocal microscope (Leica Microsystems, Weltzar, Germany) 
equipped with a 63 x water immersion objective lens. Excitation 
was performed with a 488-nm argon laser and a 405-nm UV laser, 
while GFP fluorescence was detected at 500 to 525 nm. 

Transient expression in N. benthamiana of IL-1 0-GFP-ELP and 
GFP-ELP constructs in conjunction with the p19 suppressor of 
post-transcriptional gene silencing (Silhavy et al., 2002) was 
performed according to Conley ef al. (2009b). 

Quantitative RT-PCR on transgenic BY-2 cells 

Total RNA was isolated from 100 mg (fresh weight) of cells using 
the RNeasy Plant Mini Kit (QIAGEN Sciences, Germantown, MD). 
A complementary DNA template was synthesized with an oligo- 
(dT) primer and 2.5 |ig of total RNA using the Superscript First 
Strand Synthesis System (Invitrogen, Carlsbad, CA). Quantitative 
real-time PCR was conducted on a LightCycler 480 Instrument II 
(Roche, Mannheim, Germany) with the LightCycler 480 SYBR 
Green I Master Kit (Roche, Mannheim, Germany). The cycling 
parameters were 95 °C for 10 min followed by 35 cycles of 
95 °C for 15 s, 55 °C for 15 sand 72 °C for 15 s (Table 1). IL-10 
mRNA levels were expressed as a ratio of the actin and a-tubulin 
reference genes. The average ratios of three biological replicates 
were analysed by SAS v. 9.1 (SAS Institute Inc., Cary, NC) using 
the MIXED procedure (Tao and Littell, 2002) for statistical 
significance (P < 0.05). 

Southern blot analysis for IL-10 copy number in 
transgenic BY-2 cell lines 

Samples of each BY-2 cell line were collected on a #2 Whatman 
filter paper in a Buchner funnel under vacuum, and 0.5 g of cell 
fresh weight was frozen with liquid nitrogen and powdered with 
a mortar and pestle. The CTAB method to isolate genomic DNA 
was described by Porebski ef al. (1997). The concentration of 
genomic DNA was quantified using a Nanodrop 1000 spectro- 
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Table 1 Genes and primers used in quantitative real-time RT-PCR 

Gene Primer sets References 



Human IL-10 5'-GTGATGCCCCAAGCTGAGA-3'5'-CACGGCCTTGCTCTTGTTTT-3' Giulietti eta/., 2001 

Tobacco actin 5'-TGGTATGGGTCAAAAGGATG-3' 5'-CAGGAGCAACACGCAACT-3' Blackman and Hardham, 2008 

Tobacco a-tubulin 5'-GATGTTGTGCCAAAGGATGTCA-3' 5'-GGCTGATAGTTGATACCACACTTGAAT-3' Cortleven et a/., 2009 



photometer (Thermo Scientific, Rockford, IL). 10 yig of each 
genomic DNA sample was separately digested with BamHI and 
FcoRI endonucleases, separated on a 0.8% agarose gel, then 
depurinated, denatured, neutralized and transferred to a nylon 
membrane. A digoxigenin (DIG)-labelled probe of the coding 
sequence of IL-10 was prepared using the DIG High Prime DNA 
Labeling and Detection Starter Kit II (Roche, Mannheim, 
Germany), hybridized to the blot and detected with CSPD 
(Disodium 3-(4-methoxyspiro {1 ,2-dioxetane-3,2'-(5'-chloro)tric- 
yclo [3.3.1 .1 3,7 ]decan}-4-yl)phenyl phosphate) according to the 
manufacturer's instructions. 

Purification of IL-10-ELP 

IL-10-ELP was concentrated by ITC by warming the cleared cell 
lysate to 37 °C and adding NaCI to a final concentration of 3.25 m. 
The mixture was incubated at 37 °Cfor10 minthencentrifugedat 
12 000 x g for 10 min at 37 °C. The pellet was resuspended in 
1/10 of the original lysate volume with cold PEB. The suspension 
was clarified by centrifugation at 20 000 x g for 1 0 min at 4 °C. 
IL-1 0-ELP wasfurther purified by passing the supernatantthrough a 
Sfrep-Tactin Macroprep cartridge (IBA, Gottingen, Germany). The 
integrity, purity and concentration of IL-10 were determined by 
SDS-PAGE compared to a bovine serum albumin standard after 
staining with GelCode Blue (Pierce, Rockford, IL). 

Biological activity of IL-10 and removal of ELP fusion 

The functional activity of recombinant IL-1 0-ELP was assessed by 
its ability to inhibit the secretion of interleukin-6 (IL-6) by a 
lipopolysaccharide(LPS)-stimulated monocyte/macrophage cell 
line as described by Menassa et al. (2001). Extract from wild- 
type BY-2 cells was subjected to the purification procedure 
outlined for IL-1 0-ELP and used as a negative control in the assay. 
Commercial recombinant human IL-10 protein was used as a 
comparative standard (BD Biosciences, Mississauga, Canada). The 
IL-1 0-ELP fusion was cleaved with TEV Protease (Invitrogen, 
Carlsbad, CA) and dialysed into PBS. The histidine-tagged TEV 
protease and Sfrepll-tagged ELP were removed from the IL-10 
sample by incubating the dialysed mixture with 0.25 ml of a 
50% slurry of Ni-NTA agarose (QIAGEN Sciences, MD) and 
0.25 mL of a 50% slurry of Strep-Tactin Sepharose (IBA, 
Gottingen, Germany) at 4 °C for 1 h. The suspension was 
centrifuged at 20 000 x g for 10 min at 4 °C, and the super- 
natant containing the cleaved IL-10 protein was collected and 
quantified by ELISA. 

Analysis of nicotine in BY-2 cells 

BY-2 cells (3 dps) and 81 V9 tobacco leaves were frozen and 
freeze-dried. Each sample was then ground to pass through a 
2-mm screen using a Wiley mill. Approximately 1.0 g of tissue 
was weighed, and 10 mL of distilled water, 5 mL of dichlorom- 
ethane, 5 mL of aqueous 10% sodium hydroxide and 5 mL of 
dichloromethane containing the internal standard anethole 
(Sigma-Aldrich, St. Louis, MO) were added. The mixture was 



shaken for 1 0 min and centrifuged. An aliquot of the dichlorom- 
ethane layer was filtered and analysed by GC/MS using a Hewlett- 
Packard 5890 Series II GC with a model 5971 A mass selective 
detector (ionization voltage 70 ev). The GC system was equipped 
with a J & W DB-5 capillary column (60 m x 0.25 mm, 0.25 [im 
film thickness, Agilent Technologies). The GC conditions were as 
follows: injector temperature, 220 °C; flow rate of carrier gas 
(helium), 2.4 mL min -1 . The column temperature was maintained 
at 50 °C for 0.5 min, then increased at a rate of 5 °C min -1 to 
125 °C, then 2 °C min -1 to 155 °C, held for 8 min and then 
increased at a rate of 25 °C min -1 to 260 °C, then held for 
8 min. The MS transfer line temperature was set at 290 °C. 
Selected ion monitoring (m/z 162) was used for analysis of the 
nicotine. Electron impact spectra were also recorded. The samples 
were compared to an authentic standard of nicotine (Sigma- 
Aldrich, St. Louis, MO). 

Acknowledgements 

We would like to thank Dr. Heven Sze for the calnexin antibody, 
and Drs. Andreas Schiermeyer, Alain Gossens and Denis Maxwell 
for supplying wild-type BY-2 cells and for help in culturing them. 
We are grateful to Alex Molnar for help with preparing the 
figures and to Ziqin Yin for help with murine cell culturing. 
The smGFP clone (CD3-326) used in this study was obtained from 
the Arabidopsis Biological Resource Center. We are grateful to 
anonymous reviewer for helpful comments. This study was 
supported by the A-base funding Program of Agriculture and 
Agri-Food Canada. The authors declare no conflict of interest. 

References 

Alvarez, M., Topal, E., Martin, F. and Cardineau, G. (201 0) Higher accumulation 
of F1-V fusion recombinant protein in plants after induction of protein body 
formation. Plant Mol. Biol. 72, 75-89. 

Baginsky, S., Siddique, A. and Gruissem, W. (2004) Proteome analysis of 
tobacco bright yellow-2 (BY-2) cell culture plastids as a model for 
undifferentiated heterotrophic plastids. J. Proteome Res. 3, 1128-1137. 

Blackman, L.M. and Hardham, A.R. (2008) Regulation of catalase activity and 
gene expression during Phytophthora nicotianae development and infection 
of tobacco. Mol Plant Pathol., 9, 495-510. 

Bortesi, L, Rossato, M., Schuster, F., Raven, N., Stadlmann, J., Avesani, L, 
Falorni, A., Bazzoni, F., Bock, R., Schillberg, S. and Pezzotti, M. (2009) Viral 
and murine interleukin-10 are correctly processed and retain their biological 
activity when produced in tobacco. BMC Biotechnol. 9, 22. 

Bortesi, L, Rademacher, T., Schiermeyer, A., Schuster, F., Pezzotti, M. and 
Schillberg, S. (2012) Development of an optimized tetracycline-inducible 
expression system to increase the accumulation of interleukin-10 in tobacco 
BY-2 suspension cells. BMC Biotechnol. 12, 40. 

Conley, A.J., Joensuu, J.J., Jevnikar, A.M., Menassa, R. and Brandle, I.E. (2009a) 
Optimization of elastin-like polypeptide fusions for expression and purification 
of recombinant proteins in plants. Biotechnol. Bioeng. 103, 562-573. 

Conley, A.J., Joensuu, J.J., Menassa, R. and Brandle, J.E. (2009b) Induction of 
protein body formation in plant leaves by elastin-like polypeptide fusions. 
BMC Biol. 7, 48. 



© Her Majesty the Queen in Right of Canada 2013 

Reproduced with the permission of the Minister of Agriculture and Agri-Food Canada, Plant Biotechnology Journal, 11, 535-545 



544 Angelo Kaldis et al. 



Conley, A.J., Mohib, K., Jevnikar, A.M. and Brandle, I.E. (2009c) Plant 
recombinant erythropoietin attenuates inflammatory kidney cell injury. 
Plant Biotechnol. J. 7, 183-199. 

Conley, A. J., Joensuu, 1.1., Richman, A. and Menassa, R. (2011) Protein body- 
inducing fusions for high-level production and purification of recombinant 
proteins in plants. Plant Biotechnol. J. 9, 419-433. 

Cortleven, A., Remans, T., Brenner, W.G. and Valcke, R. (2009) Selection of 
plastid- and nuclear-encoded reference genes to study the effect of altered 
endogenous cytokinin content on photosynthesis genes in Nicotiana 
tabacum. Photosynth. Res., 102, 21-29. 

Davis, SJ. and Vierstra, R.D. (1998) Soluble, highly fluorescent variants of green 
fluorescent protein (GFP) for use in higher plants. Plant Mol. Biol. 36, 
521-528. 

De Muynck, B., Navarre, C, Nizet, Y., Stadlmann, J. and Boutry, M. (2009) 
Different subcellular localization and glycosylation for a functional antibody 
expressed in Nicotiana tabacum plants and suspension cells. Transgenic Res. 
18, 467^182. 

Denes, B., Fodor, I. and Langridge, W.H. (2010) Autoantigens plus interleukin- 
10 suppress diabetes autoimmunity. Diabetes Technol. Ther. 12, 649-661. 

Duby, G., Degand, H., Faber, A.M. and Boutry, M. (2010) The proteome 
complement of Nicotiana tabacum Bright- Yellow-2 culture cells. Proteomics, 
10, 2545-2550. 

Fiorentino, D.F., Zlotnik, A., Mosmann, T.R., Howard, M. and O'Garra, A. 

(1991) IL-10 inhibits cytokine production by activated macrophages. 

J. Immunol. 147, 3815-3822. 
Fischer, R., Schillberg, S., Hellwig, S., Twyman, R.M. and Drossard, J. (2012) 

GMP issues for recombinant plant-derived pharmaceutical proteins. 

Biotechnol. Adv. 30, 434-439. 
Fox, J.L. (2012) First plant-made biologic approved. Wat. Biotechnol. 30, 

472. 

Francin-Allami, M., Saumonneau, A., Lavenant, L, Bouder, A., Sparkes, I., 
Hawes, C. and Popineau, Y. (2011) Dynamic trafficking of wheat gamma- 
gliadin and of its structural domains in tobacco cells, studied with fluorescent 
protein fusions. J. Exp. Bot. 62, 4507-4520. 

Frangne, N., Eggmann, T., Koblischke, C., Weissenbock, G., Martinoia, E. and 
Klein, M. (2002) Flavone glucoside uptake into barley mesophyll 
and Arabidopsis cell culture vacuoles. Energization occurs by H(+)-antiport 
and ATP-binding cassette-type mechanisms. Plant Physiol. 128, 726-733. 

Giulietti, A., Overbergh, L., Valckx, D., Decallonne, B., Bouillon, R. and Mathieu, 
C. (2001) An overview of real-time quantitative PCR: applications to quantify 
cytokine gene expression. Methods, 25, 386^101. 

Gomord, V. and Faye, L. (2004) Posttranslational modification of therapeutic 
proteins in plants. Curr. Opin. Plant Biol. 7, 171-181. 

Gomord, V., Denmat, L.A., Fitchette-Laine, A.C., Satiat-Jeunemaitre, B., Hawes, 
C. and Faye, L. (1997) The C-terminal HDEL sequence is sufficient for retention 
of secretory proteins in the endoplasmic reticulum (ER) but promotes vacuolar 
targeting of proteins that escape the ER. Plant J. 11, 313-325. 

Goossens, A., Hakkinen, ST., Laakso, I., Seppanen-Laakso, T., Biondi, S., De 
Sutter, V., Lammertyn, F., Nuutila, A.M., Soderlund, H., Zabeau, M., Inze, D. 
and Oksman-Caldentey, K.M. (2003) A functional genomics approach 
toward the understanding of secondary metabolism in plant cells. Proc. 
Natl Acad. Sci. USA 100, 8595-8600. 

Harris, L.J. and Gleddie, S.C. (2001) A modified Rpl3 gene from rice confers 
tolerance of the Fusarium graminearum mycotoxin deoxynivalenol to 
transgenic tobacco. Physiol. Mol. Plant Pathol. 58, 173-181. 

Hellwig, S., Drossard, J., Twyman, R.M. and Fischer, R. (2004) Plant cell 
cultures for the production of recombinant proteins. Nat. Biotechnol. 22, 
1415-1422. 

Hood, E.E., Gelvin, S.B., Melchers, L.S. and Hoekema, A. (1993) New 
Agrobacterium helper plasmids for gene transfer to plants. Transgenic Res. 
2, 208-218. 

Huang, T.K. and McDonald, K.A. (2012) Bioreactor systems for in vitro 
production of foreign proteins using plant cell cultures. Biotechnol Adv. 30, 
398-409. 

Joensuu, J. J., Conley, A. J., Lienemann, M., Brandle, J.E., Under, M.B. and 
Menassa, R. (2010) Hydrophobin fusions for high-level transient protein 
expression and purification in Nicotiana benthamiana. Plant Physiol. 152, 
622-633. 



Kay, R., Chan, A., Daly, M. and McPherson, J. (1987) Duplication of CaMV 35S 
promoter sequences creates a strong enhancer for plant genes. Science, 236, 
1299-1302. 

Lienard, D., Sourrouille, C, Gomord, V. and Faye, L. (2007) Pharming and 

transgenic plants. Biotechnol. Annu. Rev. 13, 115-147. 
Ma, J.K., Drake, P.M. and Christou, P. (2003) The production of recombinant 

pharmaceutical proteins in plants. Nat. Rev. Genet. 4, 794-805. 
Matsuoka, K., Demura, T., Galis, I., Horiguchi, T., Sasaki, M., Tashiro, G. and 

Fukuda, H. (2004) A comprehensive gene expression analysis toward the 

understanding of growth and differentiation of tobacco BY-2 cells. Plant Cell 

Physiol. 45, 1280-1289. 
Maxmen, A. (2012) Drug-making plant blooms. Nature, 485, 160. 
Menassa, R., Nguyen, V., Jevnikar, A. and Brandle, J. (2001) A self-contained 

system for the field production of plant recombinant interleukin-1 0. Mol. 

Breed. 8, 177-185. 

Menassa, R., Kennette, W., Nguyen, V., Rymerson, R., Jevnikar, A. and Brandle, 
J. (2004) Subcellular targeting of human interleukin-1 0 in plants. 
J. Biotechnol. 108, 179-183. 

Menassa, R., Du, C, Yin, Z.Q., Ma, S., Poussier, P., Brandle, J. and Jevnikar, 
A.M. (2007) Therapeutic effectiveness of orally administered transgenic low- 
alkaloid tobacco expressing human interleukin-1 0 in a mouse model of colitis. 
Plant Biotechnol. J. 5, 50-59. 

Meyer, D.E. and Chilkoti, A. (1999) Purification of recombinant proteins by 
fusion with thermally-responsive polypeptides. Wat. Biotechnol. 17, 1112- 
1115. 

Morandini, F., Avesani, L., Bortesi, L., Van Droogenbroeck, B., De Wilde, K., 
Arcalis, E., Bazzoni, F., Santi, L, Brozzetti, A., Falorni, A., Stoger, E., Depicker, 
A. and Pezzotti, M. (2011) Non-food/feed seeds as biofactories for the 
high-yield production of recombinant pharmaceuticals. Plant Biotechnol. J. 9, 
911-921. 

Nagata, T., Nemoto, Y. and Hasezawa, S. (1992) Tobacco BY-2 cell line as 
the "HeLa" cell in the cell biology of higher plants. Int. Rev. Cytol. 132, 
1-30. 

Patel, J., Zhu, H., Menassa, R., Gyenis, L., Richman, A. and Brandle, J. (2007) 
Elastin-like polypeptide fusions enhance the accumulation of recombinant 
proteins in tobacco leaves. Transgenic Res. 16, 239-249. 

Porebski, S., Bailey, L.G. and Baum, B.R. (1997) Modification of a CTAB DNA 
extraction protocol for plants containing high polysaccharide and polyphenol 
components. Plant Mol. Biol. Rep. 15, 8-15. 

Rybicki, E.P. (2010) Plant-made vaccines for humans and animals. Plant 
Biotechnol. J. 8, 620-637. 

Schiermeyer, A., Schinkel, H., Apel, S., Fischer, R. and Schillberg, S. (2005) 
Production of Desmodus rotundus salivary plasminogen activator alpha 1 
(DSPAalphal) in tobacco is hampered by proteolysis. Biotechnol. Bioeng. 89, 
848-858. 

Schinkel, H., Schiermeyer, A., Soeur, R., Fischer, R. and Schillberg, S. (2005) 
Production of an active recombinant thrombomodulin derivative in 
transgenic tobacco plants and suspension cells. Transgenic Res. 14, 251- 
259. 

Silhavy, D., Molnar, A., Lucioli, A., Szittya, G., Hornyik, C, Tavazza, M. and 
Burgyan, J. (2002) A viral protein suppresses RNA silencing and binds 
silencing-generated, 21- to 25-nucleotide double-stranded RNAs. EMBO J. 
21, 3070-3080. 

Sparrow, P.A., Irwin, J.A., Dale, P.J., Twyman, R.M. and Ma, J.K. (2007) 
Pharma-Planta: road testing the developing regulatory guidelines for plant- 
made pharmaceuticals. Transgenic Res. 16, 147-161. 

Tamura, K., Shimada, T., Ono, E., Tanaka, Y., Nagatani, A., Higashi, S.I., 
Watanabe, M., Nishimura, M. and Hara-Nishimura, I. (2003) Why green 
fluorescent fusion proteins have not been observed in the vacuoles of higher 
plants. Plant J. 35, 545-555. 

Tamura, K., Yamada, K., Shimada, T. and Hara-Nishimura, I. (2004) 
Endoplasmic reticulum-resident proteins are constitutively transported to 
vacuoles for degradation. Plant J. 39, 393-402. 

Tao, J and Littell, R (2002) SAS/STAT User's Guide. The MIXED Procedure. Cary, 
N.C.: SAS Institute Inc. 

Twyman, R.M., Stoger, E., Schillberg, S., Christou, P. and Fischer, R. (2003) 
Molecular farming in plants: host systems and expression technology. Trends 
Biotechnol. 21, 570-578. 



© Her Majesty the Queen in Right of Canada 2013 
Reproduced with the permission of the Minister of Agriculture and Agri-Food Canada, Plant Biotechnology Journal, 11, 535-545 



Human IL-10 production in tobacco cell suspensions 545 



Urry, D.W. (1988) Entropic elastic processes in protein mechanisms. I. Elastic 

structure due to an inverse temperature transition and elasticity due to 

internal chain dynamics. J. Protein Chem. 7, 1-34. 
Wu, K., Malik, K., Tian, L., Hu, M., Martin, T., Foster, E., Brown, D. and Miki, B. 

(2001) Enhancers and core promoter elements are essential for the activity of 

a cryptic gene activation sequence from tobacco, tCUP. Mol. Genet 

Genomics 265, 763-770. 
Yoo, S.-D., Cho, Y.-H. and Sheen, J. (2007) Arabidopsis mesophyll protoplasts: 

a versatile cell system for transient gene expression analysis. Wat. Protoc. 2, 

1565-1572. 

Supporting information 

Additional Supporting information may be found in the online 
version of this article: 



Figure S1 Nucleotide and amino acid sequence of the ELP tag 
fused to IL-10 and IL-10-GFP. Nucleotides are shown above the 
line with the corresponding amino acids below. 
Figure S2 Western blot analysis comparing commercial recombi- 
nant IL-10 and purified IL-10-ELP protein following separation 
through a non-reducing, native, 12% polyacrylamide gel. Each 
lane contains 250 ng of purified protein that yielded similar 
banding patterns between both proteins when probed with an 
anti-IL-10 antibody. 

Methods S1 Supplementary experimental procedures. 
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